In this paper we describe the sequence of reactions leading from tetrachloro-para-hydroquinone to 1,2,4-trihydroxybenzene by inducible enzymes of Rhodococcus chlorophenolicus. Tetrachlorohydroquinone was first converted to a dichlorotrihydroxybenzene in a reaction involving both hydrolytic and reductive dechlorination; no trichlorinated intermediate was detected. Dichlorotrihydroxybenzene was subsequently reductively dechlorinated to a monochlorotrihydroxybenzene and finally to 1,2,4-trihydroxybenzene. The cell extract also catalyzed, at a lower rate, reductive dechlorination of trichlorohydroquinone, mainly to 2,3-dichlorohydroquinone. To our knowledge this is the first demonstration of reductive aromatic dechlorination by bacterial enzymes.
In this paper we describe the sequence of reactions leading from tetrachloro-para-hydroquinone to 1,2,4-trihydroxybenzene by inducible enzymes of Rhodococcus chlorophenolicus. Tetrachlorohydroquinone was first converted to a dichlorotrihydroxybenzene in a reaction involving both hydrolytic and reductive dechlorination; no trichlorinated intermediate was detected. Dichlorotrihydroxybenzene was subsequently reductively dechlorinated to a monochlorotrihydroxybenzene and finally to 1,2,4-trihydroxybenzene. The cell extract also catalyzed, at a lower rate, reductive dechlorination of trichlorohydroquinone, mainly to 2,3-dichlorohydroquinone. To our knowledge this is the first demonstration of reductive aromatic dechlorination by bacterial enzymes.
To metabolize or cometabolize aromatic halogen compounds, bacteria must possess enzymes that either cleave the ring in spite of the halogen substituents or catalyze the removal of the halogen substituents prior to the dearomatizing reactions. Various mono-and dichlorinated benzene derivatives are known to be transformed by dearomatizing enzymes with relaxed substrate specificity (20) . In these cases, the foreign substituent is removed only after ring cleavage (7, 11, 15, 20) . On the other hand, an increasing number of reports state that in enzymatic hydroxylation of a chloroaromatic compound the chlorine substituent may become replaced by the incoming hydroxyl (16, 17, 19, 22, 34) .
Several aerobic bacterial strains were shown to mineralize or degrade PCP (4, 10, 13, 18, 24, 28, 31) , but up to now little has been known about the individual dechlorination or dearomatization reactions. Is the benzene ring cleaved prior to total dechlorination or do the degrading bacteria possess a particular mechanism for removing all five chlorines prior to ring cleavage? In this paper we show that the latter is true for Rhodococcus chlorophenolicus.
R. chlorophenolicus, a PCP-mineralizing actinomycete (2, 4), was isolated from a chlorophenol-enriched mixed culture (3, 25, 32) and was found to be specialized on polychlorinated phenols and guaiacols (4, 14) . Chlorophenols were initially turned into corresponding para-HQs in a hydrolytic reaction (5) . For PCP and other para-chlorinated phenols, this was the place of the first dechlorination. In the present paper we report on the subsequent four dechlorinations by cell extracts of R. chlorophenolicus. Bacterial strain and culture conditions. R. chlorophenolicus PCP-I (DSM 43826) was used in all experiments. It was grown in a mineral salts medium (30) supplemented with 1.5 ml of vitamin solution (30) and 1.5 ml of trace-element solution (6) liter-'. Sorbitol (10 g liter-') was used as the major carbon source. All experiments were carried out on a shaker at 28°C in the dark. For enzyme induction, PCP was successively added as described earlier (4) . In experiments with HQs, we routinely used 0.05 to 0.1% (wt/vol) ascorbic acid to prevent nonbiological TeCH oxidation (effective for 10 to 20 h).
MATERIALS AND METHODS

Abbreviations
Enzyme preparation. Bacterial mass was harvested by centrifugation and washed twice with Sorensen phosphate buffer, pH 8 (27; the same buffer was used throughout this work). Washed cells (1 g, wet weight) were suspended in the buffer (4 ml), broken with three passages through an X-press at -20°C. DNase type I (50 p,g ml-'; Boehringer GmbH, Mannheim, Federal Republic of Germany) was added to the melted extract, and the mixture was incubated for 1 h at room temperature. This crude extract was centrifuged at 180,000 x g for 90 min, and the pellet was washed with 10 volumes and suspended in the original volume of phosphate buffer. Protein concentrations, assayed by the method of Bradford (8) with Bio-Rad reagent (Bio-Rad Laboratories, Richmond, Calif.) and lysozyme for calibration, were as follows; crude extract, 6.7 mg ml-'; 180,000 x g superna- tant, 4.7 mg ml-1; suspended 180,000 x g pellet, 1.6 mg ml-'.
The 180,000 x g supernatant was further fractionated by GPC at room temperature in a column (900 mm; diameter, 9 mm) of Sephacryl S-200 superfine gel (Pharmacia, Uppsala, Sweden). The column was eluted (150 R1 min-1) with Sorensen phosphate buffer (pH 8) and the eluate was collected in 0.9-ml fractions. Cytochrome c (molecular weight, 12,400), carbonic anhydrase (29,000), albumin (66,000), alcohol dehydrogenase (150,000), and P-amylase (200, 000) were used as molecular weight markers (Sigma Chemical Co., St. Louis, Mo.). The elution of proteins was recorded photometrically at 280 nm. TeCH-transforming enzymes were localized by measuring the TeCH-consuming activity of each fraction.
Analysis of substrates and metabolites. The rate of HQ turnover was determined by GLC. Prior to GLC analysis, the samples were acetylated in a buffer as described before (4). In the search for metabolites, acetylation was performed in either buffer solution or pyridine. In the latter case, the sample was evaporated to dryness in a vacuum evaporator, and 100 ,ul of pyridine and 100 ,ul of acetic anhydride were added to the dry residue. The mixture was incubated at 70°C for 2 h and then gently evaporated to dryness in an N2 stream at room temperature. Finally, the residue was redissolved in 50 p.l of ethyl acetate or heptane. The procedure of silylation was identical to that of acetylation with the exception that, instead of pyridine and acetic anhydride, 100 ,ul ofbis(trimethylsilyl)trifluoracetamide (E. Merck AG) was added to the evaporated sample. A Hewlett-Packard HP 5880 gas chromatograph, equipped with an HP 5970 A mass selective detector and either an SE-30 (Orion Analytica, Espoo, Finland) or an Ultra 2 (Hewlett-Packard Co., Palo Alto, Calif.) capillary column, was used for detection and identification of the derivatized metabolites.
The consumption of TeCH and the concomitant production of metabolites were followed by GLC-mass spectrometry, using the selective ion monitoring method and 135-THB as an internal reference compound. The following ions were monitored: TeCH, mle 392.0; TCH, mle 358.0; THBs, mle 342.1; MCTHB, mle 376.1 and 273.0; DCTHB, mle 410.1 and 272.1. Quantitation of the compounds in the samples was based on the known response factors determined with authentic compounds, except for DCTHB and MCTHB, for which authentic compounds were not available; for these the corrected response factor of 135-THB was used. Since the presence of chlorine atoms in a compound causes the distribution of a molecular ion to an isotopic cluster, the use of uncorrected integrals calculated for one selected ion leads to underestimation of a concentration of chlorinated analog. The correction factors were calculated from the mass spectral data of 135-THB, MCTHB, and DCTHB (see Fig. 2 ).
RESULTS
Degradation of chlorohydroquiones by whole cells of R. chlorophenolicus. From previous work we knew that R. chlorophenolicus converts PCP and 2356-TeCP to TeCH and 235-TCP, 236-TCP, 2345-TeCP, and 2346-TeCP to TCH and that the HQs are further degraded by the bacterium (5) . If the bacterium further metabolized these via reductive dechlorination, it should metabolize dechlorination products, less chlorinated HQs, as well.
The PCP-induced bacteria degraded 10 ,uM TeCH in 1 h, whether or not chloramphenicol was present. The rate of TCH degradation was substantially lower, 67% of 10 p.M TCH being degraded in 8 h; the rate of degradation of 10 p.M DCH, MCH, and HQ was insignificant (Table 1) . There was no turnover of any of the HQs in noninduced cultures when protein synthesis was inhibited by chloramphenicol. We observed that MCH and HQ were more sensitive to chemical oxidation than the higher chlorinated HQs. The presence of bacterial cells, induced or noninduced, however, protected against nonenzymatic oxidation (Table 1 ). The results show that TeCH is readily taken in and metabolized, whereas the less chlorinated HQs are not taken in or metabolized by the bacterium.
Transformation of TeCH and TCH by cell extracts from R. chlorophenolicus. To study more closely the transformation of TeCH, we prepared extracts from PCP-induced and noninduced cells.
Both TeCH and TCH were consumed by extracts from PCP-induced cells; the extracts converted TeCH 40 to 50 times faster than TCH ( Table 2 ). The specific TeCH turnover rate increased in purification from 130 to 870 ,ukat kg of protein-'. The highest specific activity was in a GPC fraction with the approximate molecular weight of 70,000. The activity was lost when the extract was heated in water bath at 70°C. Extract prepared from noninduced cells was likewise inactive (Table 2 ). These results indicate that the turnover of in the aerobic vial and 14 ,uM in the anaerobic vial (Fig. 1) . M3 was identified as 124-THB and was found at a 3.5 ,uM concentration in the anaerobic vial and at a lower concentration (1.5 ,uM) in the aerobic vial ( Fig. 1 and 2D ). In the absence of enzyme preparatiop, no trace of any of these compounds was observed; instead, up to 5 ,umol of TCH and 1 ,umol of 25-DCH/26-DCH liter of buffer-' was found after incubation in the presence of ascorbic acid, whether or not enzyme was present (not shown).
The structure of the metabolites was deduced from the following data. (i) The mass spectrum of M3 (Fig. 2D ) was identical to that of authentic 124-THB, and it also cochromatographed in GLC with 124-THB, but not with 123-or 135-THB (Table 3) . ( ii) The examidation of the fragmentation patterns of 123-, 124-, and 135-THB revealed that the intensity of the M+ peak (mle 342) of 123-THB was only 65% of that of the M -103 peak (mle 239), whereas in 124-THB the intensities of these ions were reversed; 135-THB had an insignificant M -103 peak (1% of M+), but it did have a characteristic, intense M -15 peak (80% of M+). (iii) The fragmentation and ion intensities of M2 were analogous to those of 124-THB, but differed from those of 123-and 135-THB; its molecular weight was 34 units higher than that of 124-THB, and its peak patterns corresponded to a compound containing three silicon atomns and one chlorine atom (Fig. 2C) . (iv) Ml also possessed fragmentation analogy with M2 and M3, but is molecular weight was a further 34 units higher than that of M2, and its molecular peak pattern shows that it contains two chlorine and three silicon atoms (Fig.  2B) . (v) While the authentic chlorotrihydroxybenzenes were not available, comparison of the fragmentation patterns of the metabolites with each other and with the authentic THBs leads to the conclusion that the hydroxyl groups in M2 and M3 must be in positions 1, 2, and 4. In the mass spectra of the acetyl derivatives of the metabolites, there were three successive 42-unit cleavages and the typical isotopic clusters of molecular ions, which verified the structures of Ml, M2, and M3 as DCTHB, MCTHB, and THB, respectively.
Products of enzymatic TCH turnover. TCH was consumed by the extracts steadily, but the rate was much lower than that of TeCH (Table 2) . When the 180,000 x g supernatant (0.45 mg of protein and 1 mg of ascorbic acid ml-1) was incubated with TCH (100 ,uM) for 10 h at 28°C, 90% of TCH was transformed by the extract prepared from the PCPinduced cells, but no consumption of TCH occurred in the presence of extract from noninduced cells. GLC showed two new peaks, the retention times of which corresponded to those of the DCHs (Table 4 ). The major product (80%) had both a retention time and a mass spectrumn identical to those of authentic 23-DCH ( Fig. 3 ; Table 4 ). The mobility in GLC of the minor metabolite (20%) coincided with that of 25-DCH and 26-DCH, but not with those of DCCs ( 
DISCUSSION
In this paper we demonstrate enzymnatic dechlorination, leading from a highly chlorinated substrate, TeCH, into a nonchlorinated product, 124-THB. The postulated reaction sequence, based on the data presented, is shown in Fig. 4 The extract from the PCP-induced cells catalyzed reductive enzymatic dechlorination of TCH into DCHs. This quantitative turnover of TCH might be catalyzed by the enzymes, the actual substrate of which is one of the dechlorination products from TeCH (Fig. 4) . This view is supported by the fact that DCHs were not metabolized by the extract or by the whole cells (Table 1 ).
Shelton and Tiedje described an obligately anaerobic bacterial strain, DCB-1, which reductively dechlorinates 3-chlorobenzoic acid in an inducible manner (26) . The reaction was inhibited by molecular oxygen, while the reducing power was obtained from molecular hydrogen (12, 26) . Van den Tweel et al. recently reported on reductive dechlorination of 2,4-dichlorobenzoate to 4-chlorobenzoate by an aerobic bacterium, Alcaligenes denitrificans NTB-1 (33) . Cell extracts of the bacterium did not dechlorinate 2,4-dichlorobenzoate or 4-chlorobenzoate. Reductive dechlorination of TeCH catalyzed by R. chlorophenolicus enzymes was oxygen tolerant, but had an absolute requirement for reducing power (ascorbic acid). The presence of oxygen seemed to decrease the DCTHB turnover in the 124-THB-producing, reductive reactions; under anaerobiosis the resident concentration of DCTHB was substantially lower than under aerobic conditions (Fig. 1) .
With R. chlorophenolicus, we have demonstrated the reaction sequence leading to complete dechlorination of PCP, consisting of two hydrolytic and three reductive reactions. The four dechlorination reactions of TeCH were catalyzed by soluble enzymes that cochromatographed as the 70K fraction of the GPC. Whether all of these dechlorination reactions were catalyzed by an enzyme complex or by individual enzymes remains to be seen.
